In a preliminary experiment, the influence of pigment color variation on the temperature readings of the shells (EST) of live embryonated Ross 708 broiler hatching eggs was tested. Prior to set, eggshell color in L * , a * , and b * coordinates were measured at the equator of each egg. Eggshell pigmentation was found not to influence EST from zero through 18 d of incubation (DOI). In a subsequent experiment, EST, as well as air cell (ACT) and cloaca (CLT) temperature measurements were used for the calculation of absolute (G H2O ) and specific (g H20 ) eggshell conductance values for these same types of eggs.
INTRODUCTION
Eggshell color is dependent entirely on the deposition of pigments during shell formation. The pigments, porphyrin (brown) or biliverdin (blue), appear to be involved in creating a diversity of avian eggshell coloration either individually or in combination (Kennedy and Vevers, 1973; Lang and Wells, 1987; Wei and Bitgood, 1990; Maurer, et al. 2011 ). The amount deposited depends on one major gene and several minor genes (Wei and Bitgood, 1990) . Eggshell pigments are peculiar to the breed of bird; however, the intensity of eggshell pigmentation within each breed may differ (Shafey et al., 2004) . The distinctive characteristics of an eggshell may impact its ability to reflect, absorb, and transmit light energy. Despite the existence of a large spectrum of eggshell pigments, the color of the eggshell, as observed using a spectrometer, reveals that it is limited to either the red or green portions of the spectrum (Romanoff and Romanoff, 1949a) . Different measurement techniques have been developed for determining eggshell color. These have included the use of a reflectometer, which measures the percentage of reflectance (Wei and Bitgood, 1990 ); a colorimeter, for measurement of color intensity, hue, and chroma in L * , a * , and b * color scales; and front-face fluorescence spectroscopy for measurement of the fluorescence of the shell (Karoui et al., 2006) .
Microscopic pores that traverse the eggshell proper serve as pathways for gaseous exchange between the egg's internal and external environments (Rahn et al., 1979) . Embryonic metabolic activity is dependent on the diffusion of oxygen into the egg through the pores of the shell, the diffusive discharge of carbon dioxide and water out of the egg through the pores, and convective heat exchange across the shell. These processes are affected by ventilation, evaporation, and cooling; however, all these processes are facilitated by temperature (Meijerhof, 2002) . Eggshell water vapor conductance (G H20 ; mg H 2 0/d/Torr) is a measurement of the maximum rate of water loss from an egg, and it also serves as an estimation of the rate of gaseous exchange across the shell (Ar et al., 1974; Pagnelli et al., 1978; Christensen et al., 2006) . Studies have shown that the exchange of gases (oxygen and carbon dioxide) and the loss of water through the shell are vital for the developing embryo (Peebles and Brake, 1985) . Research also has shown that incubation temperature and humidity influence the water vapor partial pressure gradient (ΔP H2O ; Torr) across the shell (Romanoff, 1936; Tazawa and Rahn, 1987) and the subsequent volumetric flux rate of water through the pores of the shell (Pringle and Barott, 1937; Meir et al., 1984) .
In earlier research, embryo temperature has been estimated using several different techniques that are usually invasive and are restricted to use during only the later stages of incubation. Eggshell temperature (EST) readings using an infrared device are commonly used to estimate embryo temperature during incubation. Because of its non-invasive nature, EST measurements using an infrared thermometer (IRT) have been used to indirectly estimate embryo temperature during incubation in recent studies (Lourens et al., 2005; Joseph et al., 2006; Hulet et al., 2007) . However, limitations to the use of EST include confounding effects such as the velocity of the surrounding air, the metabolic activity of the embryo, and the transfer of heat between the embryo and its surrounding environment (Ozcan et al., 2010) . Peebles et al. (2012) demonstrated recently that the use of transponders, implanted in the air cell of embryonated eggs from 14.5 to 18 d of incubation (DOI), provides a closer estimate of embryo temperature. In addition to the aforementioned disadvantages of using EST, it was hypothesized that EST also may be influenced by eggshell color, because the color of eggshells affects their absorption and reflectance of radiant energy. It also was conjectured that the accuracy of G H20 calculations may be significantly influenced by the method used to estimate embryo or internal egg temperature. Because monitoring the eggshell conductance of broiler hatching eggs is an important tool that is used as a guide in modifying the incubational environment to optimize hatch performance, it is critical to identify the relationships of these methodologies in estimating embryo or internal egg temperature.
In light of these combined previous reports, 2 experiments were conducted. The first was conducted to determine if the color of an eggshell affects EST due to its absorption of radiant energy when an IRT is used. The second was conducted to investigate the specific effects of EST using an IRT, and air cell (ACT) and cloaca (CLT) temperatures using implantable transponders, for the subsequent determination of G H20 and specific G H20 (g H20 ; G H20 adjusted to a 100 g set egg weight basis; mg H 2 0/d/Torr/100 g).
MATERIALS AND METHODS

General
Eggs, Incubation, and Eggshell Temperature Determination. In both experiments, broiler hatching eggs were obtained from a commercial Ross 708 broiler breeder flock at 38 wk of age, were held under standard conditions (12.8
• C dry bulb and 10.4
• C wet bulb temperatures) for 48 h, and were warmed to room temperature (23.9
• C dry bulb) for 4 h before being set. After set, the eggs were incubated under standard conditions (37.5
• C dry bulb and 29.4
• C wet bulb temperatures) in a calibrated Jamesway model 500 single stage incubator (Jamesway Incubator Company Inc., Cambridge, ON, Canada). The temperature (T inc ) and relative humidity of the air in the incubator were recorded every 5 min using HOBO temperature nodes (HOBO ZW series wireless, Onset Computer Corporation, Bourne, MA) placed on each of the 3 tray levels in which the eggs where set (top, middle, and bottom locations of the incubator). Exterior shell surface EST measurements were made within the equatorial region of each egg at 8:00 AM and 4:00 PM daily within the DOI intervals designated for each experiment. The EST readings were obtained using an IRT (Braun Thermoscan Thermometer, IRT4520, Braun, Kronberg, Germany). At 12 DOI, all eggs were candled, and eggs not containing live embryos were discarded. Furthermore, only those eggs that contained live embryos through 4:00 PM at 19 DOI [19 (4PM) ] were considered as experimental eggs for inclusion in the data analysis.
Experiment 1
Eggshell Color Determination. Eggshell color was quantified using a CR-400 Chroma Meter (Konica Minolta Sensing Americas, Inc., Ramsey, NJ) in a room with fluorescent lighting. The Chroma Meter is a portable handheld device designed to estimate surface color and surface lightness or darkness with high accuracy. The percentage of light absorbed at different wavelengths is determined by the Chroma Meter. The Chroma Meter illuminates the site of interest with a surge of light of defined color and brightness from a pulsed xenon lamp. The light emitted passes through a filter and 6 silicon photocells. The highly sensitive silicon photocells make simultaneous readings of the light source through an integrating diffuser. The light energy is converted into an electrical signal, processed by a built-in microprocessor, and is then presented on an LCD screen in the form of L * , a * , and b * values (Muizzuddin et al., 1990) . Before the experiment, the calibration of the Chroma Meter was accomplished by placing it in the middle of a white calibration plate that was equipped with the standard calibration data (L * = 98.1, a * = −0.11, b * = 2.00). Prior to set, the L * , a * , and b * eggshell color coordinates of 50 broiler hatching eggs were measured. The Chroma Meter illuminated the eggshell surface with a surge of light and interpreted the amount of light that passed through into L * , a * , and b * color coordinates. After eggshell color quantification, the eggs were subsequently incubated, and equatorial EST measurements were recorded using an IRT as described above from zero through 18 DOI. Forty-four of the eggs that contained live embryos through 18 DOI (Table 1) were used in correlating each of the 3 color coordinates with mean zero to 18 DOI equatorial EST.
Experiment 2
Incubation. Ross 708 broiler hatching eggs were weighed individually, and only those that were observed to be normal and that weighed within 10% of the mean weight (59.2 to 72.3 g range) were selected. At zero DOI, 90 eggs that were selected were labeled with a number. Subsequently, 30 eggs were set on each of 3 tray levels of the incubator. Eggs were incubated for 19 days. At 12 DOI, eggs were candled, and those that contained slanted air cells as well as those that did not contain live embryos were discarded. Those eggs containing live embryos were again weighed. Subsequently, approximately one h prior to recording ACT at 12 DOI, temperature transponders (implantable programmable temperature transponder; IPTT-300; Bio Medic Data Systems Inc., Seaford, DE) were implanted in the air cells of 20 eggs containing live embryos on each level (60 total eggs). The shell perforations in those eggs were covered with a sterile sealant according to the procedures described by Pulikanti et al. (2011b) , and the eggs were again weighed. Furthermore, at 10:00 AM at 19 DOI [19 (10AM) ], all the eggs were candled to verify embryo survival, and those containing live embryos were again weighed. Subsequently, a 13 mm diameter hole was created in the small end of the eggs possessing a transponder in their air cells, in order to expose the tail feathers of the embryo, and a temperature transponder was inserted through the vent into the cloaca of each viable embryo. The hole was sealed with a clear adhesive tape (Scotch brand, 3 M corp., St Paul, MN). The eggs were again weighed and were then placed in divided hatching baskets, each of the baskets was wrapped in a cheese cloth, and the baskets were then transferred into the hatcher with dry and wet bulb temperatures set at 36.9
• C and 30
• C, respectively. The CLT of only those embryos that remained viable through 4:00 PM at 19 DOI were used.
Temperature Measurements
The EST readings were taken using an IRT and recorded twice daily (8:00 AM and 4:00 PM) from zero to 19 DOI. After air cell implantation of transponders at 12 DOI, ACT readings were taken and recorded twice daily (8:00 AM and 4:00 PM) from 12 to 19 DOI. After transponder insertion into the cloaca at 19 (10AM) , CLT readings were taken and recorded at 19 (4PM) . Temperature readings using these 3 different methodologies were taken and recorded within the incubator with the door closed and were taken only after the restoration and stabilization of T inc . Only temperature readings from eggs containing live embryos through 19 (10PM) were used. Forty-four EST readings recorded twice daily in the zero to 12 DOI time interval, and 44 EST and ACT readings recorded twice daily in the 12 to 19 DOI time interval were used for statistical analysis. Furthermore, because only the cloacal temperatures of viable embryos were used in the time period from 19 (10AM) to 10:00 PM 
Calculation of G H2O and g H2O
Egg weight was determined before and after air cell transponder implantation and sealant application at 12 DOI, and before and after cloaca transponder implantation at 19 (10AM) to account for egg weight changes caused by these procedures (Pulikanti et al., 2011a) . Final egg weights were obtained at 19 (10PM) . This allowed for the subsequent accurate calculation of average daily incubational weight loss (mg of H 2 O/DOI) of embryonated eggs for the time period of 12 to 19 DOI using the procedure of Peebles et al. (2005) . Furthermore, average hourly incubational weight loss (mg of H 2 O/h of incubation) of embryonated eggs was calculated for the 19 (10AM) to 19 (10PM) time period. Mean ΔP H2O for the 12 to 19 DOI time interval was calculated using mean atmospheric barometric pressure, T inc , incubator RH, and EST or ACT readings across the 12 to 19 DOI age interval. In addition, mean ΔP H2O for the 19( 10AM ) to 19( 10PM ) time period was derived using atmospheric barometric pressure, T inc , incubator RH, and mean EST, ACT, or CLT readings at the 19( 4PM ) time period. Mean G H2O values for all eggs in both time intervals were subsequently calculated using mean incubational egg weight loss and ΔP H2O values using the procedures of Ar et al. (1974) and according to the modifications specified by Pulikanti et al. (2011b) . The mean EST, ACT, and CLT readings used for the calculation of G H2O are provided in Table 2 . Furthermore, g H2O was calculated by adjusting G H2O to a standard 100 g egg weight basis according to the procedure of Peebles and Brake (1987 
Statistical Analysis
In both experiments a completely randomized experimental design was employed, with each individual egg considered as an experimental unit of replication. Analyses of all data were performed using SAS software 9.4 (SAS Institute, 2012). The PROC CORR procedure of SAS was used for partial correlation analysis among the variables in both experiments. Using the MIXED model procedure of SAS in experiment 2, EST and ACT data in the 12 to 19 DOI interval and EST, ACT, and CLT data at the 19 (4PM) time period were analyzed with tray level serving as a random factor. Furthermore, G H20 and g H20 data in the 12 to 19 DOI and 19 (10AM) to 19 (10PM) time intervals were analyzed with temperature measurements (EST, ACT, and CLT) considered as fixed effects and with tray level serving as a random factor. The EST and ACT readings were averaged across the daily AM and PM periods in the 12 to 19 DOI time interval for each individual egg before analysis. Leastsquares means were compared in the event of significant global effects (Steel and Torrie, 1980) . Statements of significance were based on P ≤ 0.05 unless otherwise stated.
RESULTS
Experiment 1
There was no significant correlation between the L * (r = −0.07; P = 0.65), a * (r = 0.08; P = 0.61), or b * (r = 0.04; P = 0.80) eggshell equator color coordinates with mean equator EST of live embryonated eggs across the zero to 18 DOI period. 
Experiment 2
The internal temperature of each individual egg during incubation was estimated using EST and ACT methodologies in the 12 to 19 DOI time period, and using EST, ACT, and CLT methodologies in the 19 (10AM) to 19 (10PM) time period for the calculation of G H2O and g H20 . Mean T inc readings in the zero to 12 DOI, 12 to 19 DOI, and 19 (4PM) time periods were 37.76 ± 0.007, 37.70 ± 0.012, and 37.30 ± 0.098
• C, respectively. Mean EST in the zero to 12 DOI time interval was 37.93 ± 0.007
• C. Mean EST and ACT values for the 12 to 19 DOI time interval, and mean EST, ACT, and CLT values for the 19 (4PM) time period are provided in Table 2 . The ACT between 12 and 19 DOI was significantly higher than that of the EST (approximately 0.2
• C), which is similar to that observed in a recent trial in our laboratory (unpublished data), where the mean values for EST and ACT for the 12 to 19 DOI interval were 38.6
• C and 38.8
• C, respectively. The EST and ACT from 12 to 19 DOI were also previously shown to be correlated. Furthermore, at 19 (4PM) , mean ACT and CLT readings were not different, but both were significantly higher than that for EST (Table 2) . Mean daily T inc , EST, ACT, and CLT readings from zero through 19 DOI are provided in graphical form in Figure 1 .
The calculated G H2O and g H20 values in the zero to 12 DOI time period (using EST) were 16.43 ± 0.338 mg of H 2 O/d/Torr and 25.09 ± 0.491 mg of H 2 O/d/Torr/100 g, respectively. The calculated G H2O and g H20 values in the 12 to 19 DOI (using EST and ACT), and 19 (10AM) to 19 (10PM) (using EST, ACT, and CLT) time periods are provided in Table 3 . As previously mentioned, because the calculation of incubational egg weight loss was on a daily basis for the 12 to 19 DOI period and was on an hourly basis in the 19 (10AM) to 19 (10PM) time period, the G H2O and g H20 values in the 2 different time periods were not comparable. There was a significant difference in G H2O and g H20 when EST or ACT represented internal egg temperature for the 12 to 19 DOI time period. Also, the calculated G H2O and g H20 values differed significantly when ACT was used rather than when EST or CLT was used to represent internal egg temperature for the 19 (10AM) to 19 (10PM) time period. The calculated G H2O and g H20 2 Mean EST and ACT readings, across the 8:00 AM and 4:00 PM time periods on each d, within the 12 to 19 DOI time interval, were used to calculate mean G H2O and g H20 . 3 Mean EST, ACT, and CLT readings at 4:00 PM at 19 DOI were used to calculate mean G H2O and g H20 . 4 G H2O was expressed as mg of H 2 O/d/Torr. 5 g H20 was expressed as mg of H 2 O/d/Torr/100 g. 6 G H2O was expressed as mg of H 2 O/h/Torr. 7 g H20 was expressed as mg of H 2 O/h/Torr/100 g.
using ACT as an estimate of internal egg temperature were significantly lower than those using EST as an estimate of internal egg temperature in the 12 to 19 DOI interval. Also, in the 19 (10AM) to 19 (10PM) period, G H2O and g H20 that were calculated using ACT were significantly lower than those using CLT or EST. However, the results in this current study showed that the values of G H2O calculated using EST or ACT within the 12 to 19 DOI interval were highly correlated (r = 0.99, P < 0.0001), and the calculated values of g H20 using EST or ACT were likewise highly correlated (r = 0.99, P < 0.0001). The same was true for the 19 (10AM) to 19 (10PM) time period, in which the G H2O and g H20 values were significantly positively correlated (r = 0.99, P < 0.0001) when either EST, ACT, or CLT was used to estimate internal egg temperature.
DISCUSSION
Experiment 1 Romanoff and Romanoff (1949a) have suggested that solar radiation may be detrimental to embryological development in avian eggs. However, eggshell color may regulate this effect since pigment is said to be photoprotective (Romanoff and Romanoff, 1949a) . Pigmentation of the eggshell is derived from protoporphyrin, whose main source is the hemoglobin of the red blood cell (Romanoff and Romanoff, 1949b; Gosler et al., 2005) . Although it has been shown that eggshells have the ability to effectively transmit ultraviolet light (Lahti, 2008) , protoporphyrin properties also give eggshells the ability to reflect infrared light (Gosler et al., 2005) . Based on the properties of eggshell color, we predicted that EST using IRT might be influenced by eggshell color. However, within the range of eggshell colors observed, our data did not support this prediction. Eggshell color quantified into L * , a * , and b * color coordinates did not have a significant effect on EST as measured by IRT in the zero to 18 DOI time period.
Experiment 2
It has been reported that temperature is a key factor that should be monitored and tightly regulated for the successful incubation of avian eggs (Lourens, 2005; Hulet et al., 2007; French, 2009 ). French (1997 suggested that embryonic development during incubation is dependent on the temperature of the incubating air, the metabolic activity of the embryo, and the thermal conductivity of the egg and its surrounding air. Not only is embryonic metabolism driven by temperature, but it also requires the diffusion of oxygen into the egg through microscopic pores in the shell, and the outward diffusion of carbon dioxide as a metabolic byproduct through those same pores (Rahn et al., 1979) . Thus, French (2009) suggested that eggshell conductance and body temperature can influence the rate of oxygen uptake and the subsequent metabolism of the embryo. Therefore, actual internal egg temperature can be used for the estimation of embryonic temperature and metabolic rate (Janke et al., 2004) .
In this context, the focus of the current experiment was to examine the specific effects of different means of estimating internal egg or embryo temperature (EST, ACT, and CLT) on the calculated values of G H2O and g H20 . Upon determining these values, it was found that there was a significant main effect due to the type of estimation methodology used in the 2 time periods explored. Our results support that of other research having reported that an increase in embryonic metabolic activity during mid-incubation is indicated by a significant increase in embryo temperature (French, 1997; Hulet et al., 2007; Lourens, 2001) . Similarly, Peebles et al. (2012) reported an increase in ACT, despite the lack of an associated increase in EST when IRT or a transponder attached to the external surface of the shell was used. In that study, a decrease in temperature (EST, ACT, and CLT) was observed during the late incubation period (19 DOI). The ACT was significantly different from the EST and was numerically higher than that of the CLT; however, a decrease in temperature for all 3 variables might have been due to the effect of a reduction in air temperature when the eggs were transferred into the hatcher, as well as the invasiveness of implanting a transponder in the cloaca.
Furthermore, in the current investigation, a significant correlation was observed when EST and ACT were used as estimates of internal egg or embryo temperature for the subsequent calculation of G H2O and g H20 for the 12 to 19 DOI time period. This was also observed when EST, ACT, and CLT were used as estimates of internal egg or embryo temperature for the subsequent calculation of G H2O and g H20 for the 19 (10AM) to 19 (10PM) time period. These results are based on the fact that the types of methodologies used within each time period mirrored each other. More importantly, there was a significant difference in the calculated G H2O and g H20 values when EST or ACT was used as an estimate of internal temperature for the 12 to 19 DOI time period. Also, there was a significant difference in the calculated G H2O and g H20 values in the 19 (10AM) to 19 (10PM) time period when ACT was used rather than when EST or CLT were used as estimates for internal temperature. On both occasions, calculated G H2O and g H20 using ACT were significantly lower than the other 2 measurements. The decrease in the calculated G H2O using ACT indicates that it is important to use ACT to calculate the vapor pressure gradient across the shell. Similarly, incubation temperature is said to regulate the growth and metabolism of the embryo, as well as the water vapor pressure within the egg (Swann and Brake, 1990; Barott, 1937; Pringle and Barott, 1937) . Since the temperature of the embryo drives the uptake of oxygen and the output of carbon dioxide across the microscopic pores of the eggshell, estimating embryo temperature using ACT to calculate G H2O and g H20 provides a better understanding of the diffusive properties of the eggshell.
Calculations of G H2O have usually been based on unfertilized eggs placed in a desiccator with known environmental conditions (temperature, relative humidity, and barometric pressure) (Ar et al., 1974; O'Dea et al., 2004) . Recently, Pulikanti et al. (2011b) calculated the G H2O and g H20 of embryonated eggs in an incubator from 10.5 to 18.8 DOI. Internal temperature was estimated using ACT (transponders in the air cell on 10.5 DOI), and external temperatures were estimated using transponders in a vial placed in proximity to the eggs in the incubator trays. Mean values of G H2O and g H20 in this current experiment, when EST and ACT were used as estimates for internal temperature within the time period 12 to 19 DOI, were 16.53 and 16.24 ± 0.030 mg of H 2 O/d/Torr; and 25.25 and 24.81 ± 0.045 mg of H 2 O/d/Torr per 100 g, respectively. Using transponders for the determination of ACT, Pulikanti et al. (2012) reported mean values for G H2O and g H20 to be 14.4 ± 0.56 mg of H 2 O/d/Torr and 25.0 ± 0.96 mg of H 2 O/d/Torr per 100 g, respectively, for embryonated Ross 708 broiler hatching eggs within the 10.5 and 18 DOI time period. In another study assuming typical egg and nest temperatures of 36.2
• C and 34.0 • C, respectively (Drent, 1975) , Ar and Rahn (1978) reported G H2O and g H20 values for the domestic chicken (Gallus gallus) to be 14.4 mg of H 2 O/d/Torr and 26.7 mg of H 2 O/d/Torr per 100 g, respectively, over an entire 21 DOI period. The different mean values of G H2O between the current and past studies may be attributed to the different time periods that the variables were calculated, the different methods used for estimating internal egg temperature, and differences in the types and sizes of the eggs evaluated. Nevertheless, the g H20 values (accounts for differences in the weight of an egg) were closely comparable.
In conclusion, ACT was shown to estimate a higher internal egg temperature from 12 through 19 DOI. This result subsequently resulted in lower calculated G H2O and g H20 values in comparison to those calculated using EST. Similarly, at 19 (4PM), ACT and CLT were higher than EST, and in the 19 (10AM) to 19 (10PM) time period, G H2O and g H20 values for ACT were lower than those for EST and CLT. Several studies have shown that EST may vary based on the position of the egg in the incubator or the air flow across the egg in the incubator. Additionally, estimating CLT of the embryo is very invasive. However, being relatively safe and less invasive, ACT not only provides the temperature that the embryo is experiencing, but also can be used to more accurately calculate the G H2O and g H20 of broiler hatching eggs. In addition, the lack of correlation between the L * , a * , and b * values and EST using IRT suggests that there might not be enough difference in eggshell pigmentation among eggs belonging to a particular strain or within a breed to significantly influence EST readings using an IRT. However, further studies should be conducted to examine these possible differences among the various strains and breeds of chickens, particularly upon comparing those laying brown-shelled eggs with those laying white-shelled eggs.
